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5.0 CONCEPTS SELECTION
5.1 SELECTION CRITERIA AND SCREENING FOR PREFERRED SYSTEMS

From Fig. 4.2.3 of Vol 11, which showed the candidate combinations of
five reactor types, five power conversion technologies, and four waste heat
radiator concepts, some 70-80 nuclear space power system concepts are
possible. Furthermore, each candidate system must be considered over a
range of power levels, size envelopes, development status, reliability, and
risk. The goal of the MCNSPS study is to narrow these possibilities by
constraining the candidates to be launchable and to have the capability of
providing continuous power of from 1 to 10 MWe for a period of 5 years or
more. In order to bound the candidate systems further and permit
convergence to a recommendation, the following additional boundary

conditions were adopted:

1. Systems capable of 10 MWe for 5 years continuously and requiring
greater than 5 equivalent shuttle boosts to achieve that capability
in low earth orbit (LEO) will not be considered further.

2. Systems with non-deployable radiators which are not capable of at least
500 kWe output in one shuttle boost to LEO will not be considered
further.

3. Systems which would effectively use relatively established radiator

concepts, as listed below and which are capable of meeting the above 2

requirements will receive priority consideration.

a. Direct fin conduction
b. Direct heat pipe
c. Pumped loop to finned tube or heat pipe

4, Systems and radiators capable of being boosted directly to operational

orbits (greater than 940 Km and 1inclined from 28° to 90°) will be

preferred.
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5. Survivable systems capable of evasive maneuvering will be preferred.
6. Self deploying systems will be preferred.
7. Static high reliability concepts will be preferred.

The more promising concepts might benefit from advanced radiator performance
potentially offered by pumped loop-rotating drum, pumped loop-liquid
droplet, or pumped loop-electrostatic particle, etc., radiators. However,

this study could not identify an advantage for such radiator concepts.

The initial screening of power conversion systems was conducted early in the
study to select the most favorable candidates for more intensive
investigation. In this screening minimizing the size and the weight of the
radiator was a primary consideration., The electric power produced per unit
area of radiator (Pe/AR) represents a major ecriterion for comparing

different megawatt class candidate systems.

Particular attention was given to those systems which have received a
relatively high degree of development or study for space power in the past.
These include metal-vapor Rankine, thermoelectric, thermionic, and Brayton
cycle systems. The alkali metal-vapor Rankine cycle and thermionic systems
have the highest heat rejection temperatures and therefore were immediately
the most promising candidates for MCNSPS. However, the Brayton system has
also been extensively studied in past efforts and was therefore considered
in some detail. As detailed previously, the other systems considered and/or
examined in the screening phase, which have received less attention in the
past, included: Stirling cycles, advanced thermoelectrics, MHD, and a

conventional steam cycle.

The requirement of achieving a degree of compactness that will allow shuttle
or single big booster launch {s considered critical. It is also considered
to be critical to minimize the need for low altitude, low inclination
"manned"” orbit assembly and construction prior to transfer to higher

altitude and higher inclination operating orbits.
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Table 5.1.1 present an initial screening of candidate systems based wupon
limiting the radiator area to 250 m? for 500 kWe output, a system which must
be launchable in a single shuttle. Note that the total surface area of a
cylinder that could fit into the STS shuttle bay (4.4 diameter x 17 m long)
is 250 m?. By the screening criterion that a 500 KWe system must fit into a
shuttle bay with a fixed non-deploying radiator, the following elimination

was recommended.

o Thermo-electric conversion was eliminated as a likely candidate for

significant growth in power output.

o Brayton gas turbines coupled to 1liquid metal cooled reactors were
eliminated as potential candidates for significant growth in power

output.

o Free Piston Stirling Engines constructed of currently developed
materials and coupled to liquid metal cooled reactors were eliminated

from further consideration.

o The Steam Rankine cycle was also eliminated, based upon excessive

radiator area requirements.

No suitable reactor-MHD cycles meriting 1inclusion 1in the analysis were
formulated, although we note that the gaseous fueled reactor might be
coupled to MHD cycles in later studies.

5.2 EVALUATION AND SELECTION

Following the initial screening and the parametric analysis, the comparative
design study information for preferred systems was evaluated for 10 MWe
systems with fixed radiators. These results are summarized on Table 5.2.1.
For the fixed radiator systems only the potassium and sodium Rankine cycles
survive the screening requirements of launchability in 5 shuttles, i.e.
<1250 m? of radiator. Clearly, a suitable means of stowing an expandable
radiator during launch must be developed to meet program goals. Assuming

this can be accomplished with the consequence of effectively increasing the
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RADIATOR AREA REQUIRED AT 500 KWE (250M% LIMIT)
Reactor Out  Radiator Area Reactor Power
THERMO ELECTRIC » K M? MWT
SP-100 Fallback SiGe 1350 520 14
SP-100 Baseline SiGe GAP 1350 390 12
SP-100 Advanced LaSx 1350 345 9
THERMIONICS - Emitter K
SP-100 Fallback 1650 1050 165 7*
SP-100 Baseline 1750 1100 140 6
SP-100 Advanced 1850 100 98 5.5
Potential 1660 1100 18 )
BRAYTON Turbine In
Fallback LMCR 1100 1200 2 ceee- o—e=
Baseline LMCR 1250 1350 550 3.6
Advanced GCR 1500 1500 210 2.5 .
Potential GCR 180G 1800 93 2.5
STIRLING Engine Hot
Fallback LMCR 1000 1050 600 2.3
Baseline LHCR 1100 1150 420 2.1
Advanced LMCR 1400 1420 110 3.1 «
Potential LMCR 150Q0 1570 75 1.5
RANKINE
Steam 730 800 2,000 2.2
Mercury 1030 1100 225 2.0
Cestum 1200 1250 105 2.9 *
Potassium 1456 1520 63 3.0
Sodium 1600 1650 40 2.7
*Possible Systems Studied
L TACLE £.1.1
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RADIATOR AREA REQUIRED AT 10MWE

Reactor Out Radiator Area Reactor Power
THERMO ELECTRICS K M2 MWT
$P-100 Fallback SiGe 1350 10,400 280
SP-100 Baseline SiGe Gap 1350 1800 240
SP-100 Advanced LaSx 1350 6900 180
THERMIONICS Emitter(K)
SP-100 Fallback 1650. 1050 3300 135
Baseline 1750 1100 2800 125
Advanced 1850 1100 1950 110 *
Potential 1969 1100 1550 80
BRAYTON Turbine in
Fallback LMCR 1100 1200 weon ---
Baseline LMCR 1250 1350 11,000 73
Advanced GCR 1500 1500 4200 49
Potential GCR 1800 1800 1850 49 «
STIRLING engine hot
Fallback LMCR 1000 1050 12,000 45
Baseline LMCR 1100 1150 8400 42
Advanced LMCR 1400 1420 2200 63
Potential LMCR 1500 1570 1500 30 *
RANKINE
Steam 730 800 40,000 44
Mercury 1030 1100 4500 41
Cesium 1200 1250 2100 58
Potassium 1450 1520 1250 59 *
Sodium 1600 1650 800 54

*Potential, examined in more detai)

TABLE 5.2.1
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launchable area of: radiator to 2000 m? (1/2 acre), then the candidate
systems can be eipanded to include the thermionic, Brayton, Stirling, and
Rankine systems as indicated in Table 5.2.1. Note however, that gas
conversion systems heated by IMCR’s are still too large and hence are not

given further consideration.

The Free Piston Stirling Engine (FPSE) Cycle (Section 4.5.4 of Vol. 1III)
could be considered only if a ceramic fibre wound, low mass, ceramic
cylinder can be fabricated. This cylinder must be compatible with 1liquid
metal, have high thermal conductivity, and be capable of containing (several
thousand psi) 10-30 MPa internal pressure at 1570 K without creep for 5 to
10 years. A second major requirement is that a long lived linear alternator
must be developed with a specific mass of 1 Kg/KWe. Such a development will
be 1long, costly and might not be possible. These caveats aside, a Stirling
cycle system was evaluated on the basis of achieving either this postulated
highly advanced ceramic cylinder engine and the metallic tantalum alloy-

ceramic fibre wound composite engine postulated by Martini.

Table 5.2.2 summarizes the important characteristics and the masses of each
of the systems which survived the preliminary screenings and were studied in
depth. High pressure gas cooled reactors coupled to closed cycle, ceramic
blade, brayton gas turbines, with moderate (80%) or 1o recuperation, were
found to be reasonably compact, requiring only one shuttle for launching the
pover system and two for the associated radiator. The Brayton system based
on a metallic turbine requires two shuttles for the power system and three
for the associated radiator. Here again the relatively low temperature of
the radiator resulted in the requirement for a pumped loop triform radiator,
which increases the number of dedicated shuttle loads from 2 to 3, in order
to deliver it to LEO. The results show that there is little hope of
achieving an attractive system using metallic turbines operating at 1500K,
but a ceramic turbine system capable of operating at 1800K and at high spin
speed for 5 to 10 years without significant creep, could be attractive.

The relatively low temperatures of the Brayton system radiator require the

use of pumped loop heat transport and distribution to relatively short
alkali metal heat pipe radiating tubes. The use of mercury for large
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thermal transport conductors was considered to be impractical due to the
potential consequences of major mercury leaks, and due to the high pressures
if the mercury heat pipes are heateéd significantly while under laser attack.
Consequently, the most advanced closed cycle Brayton System will require
substantial orbital assembly and welding if launched to LEO by shuttle. The
large triform radiator with bellows folded heat pipes, is not very suitable
structurally for transfer from the manned LEO low inclination assembly orbit
to the higher altitude and inclination operating orbits. The large triform
radiator 1s also difficult to package iInto large cargo boosters (at
reasonable shield cone angle) for boost of ground assembled units directly

to operational orbits.

The Brayton system mass optimization results are presented in more detail in
Figure 5.2.1, as a function of the compressor inlet temperature. This
figure shows that the minimum mass system is not strongly dependent upon the
compressor inlet temperature in the 500-700K range, that B80% recuperation
results In a lower mass system than either no recuperation or 95%, and
again, that the lower turbine inlet temperature systems are significantly

heavier and non-competitive.

Fig. 5.2.2 shows IMCR-FPSE system mass versus the engine cold side
temperature. Due to the low radiator temperature of the Stirling engines, a
pumped loop 1is required to distribute the engine waste heat to the half acre
of radiating heat pipes. The best packaging arrangement of a practical
lower temperature radiator was found to be the triform pumped loop, heat
pipe radiator (Fig. 4.3.30, Vol. II). The volume packing fraction of that
radiator would require 2 dedicated shuttle loads to lift the 10 MWe Stirling
system radiator to LEO. A third shuttle load would be required for the
power module. The FPSE system would require extensive orbital assembly and
welding of liquid metal filled piping. Even if successfully developed, this
system could not reasonably be launched to an operational orbit (i.e.>900km
altitude and typically >70° inclination) as one ground assembled unit, with

a foreseeable shuttle derived cargo booster.

The 10 MWe potassium Rankine-IMCR systems and the incore thermionic systems
both require only 2 shuttles to 1ift to LEO. The system masses calculated

IV-8
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as a function of the heat sink temperatures are shown in figures 5.2.3 and
5.2.4. The heat rejection temperature of either cycle 1is high enough to
utilize the alkall metal heat pipe radiator effectively (with telescoping
cylindrical sections). This type of radiator can be coupled to either power
system in LEO without welding. Either system could be ground assembled with
the SPI telescoping radiator and could be boosted directly to operational
orbit with big cargo boosters. Furthermore, the telescoping radiator
renders it very suitable for rendezvous, docking and inspection with the
payload in LEO, and for subsequent orbital transfer of the integrated and

inspected spacecraft to operating orbit.

Because the potassium Rankine-IMCR and the incore thermionic reactor power
systems showed considerable advantages over the other concepts in terms of
low system mass and number of shuttles required for launch, these two
concepts were selected for further conceptual design and study (see Section
6, following).

Either system, with the telescoping radiator, has high inherent
survivability to natural environment, to beam weapons, and to kinetic energy
(KEW) attack. The 1incore thermionic system has a larger radiator, a
slightly larger mass and a lower efficiency than the Rankine systems.
However, it is a static system with no moving parts (except control drums).
It fails very gradually and can provide warning of at least a year before
significant failure degradation occurs. It 1is very amenable to orbital
startup and restart after dormancy. Thermionic conversion is the only PCS
technology studied that has actually demonstrated (out of core) the required
5 year 1lifetime at the required emitter temperature of 1960K used in this

conceptual study.

The potassium Rankine system 1is about 10% to 15% lighter than the incore
thermionic. The power conditioning and radiator development will be
substantially easier than for the thermionic approach. Uniform temperature
potassium condensation heat rejection integrates more easily with a heat
pipe radiator than does the sensible heat coolant system used for incore
thermionics. On the other hand, the Rankine system 1lithium primary loop
circulation pump must operate some 300 to 400 K hotter than the thermionic
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system pump and well above the 1250 K Curie point of advanced magnetic
materials. These substantially higher reactor and primary coolant loop
temperatures will significantly impact reliability and development cost.

Zero-gravity boiling, condensing, startup, shutdown, restart, and bearing
fluid scavenging also present development problems. Frozen coolant and
other working fluids at launch and after long dormancy periods introduce
problems and complexity during startup and shut down. These types of
problems and potential solutions are described subsequently. Suffice to say
that a great deal of expensive component, subsystem and system development
and testing 1is required to demonstrate the potential and the verification
for 5 to 10 year 1life. Critical problem areas anticipated are with
alternator seals which are resistant to attack from alkali metal vapor,
turbine blade creep, high temperature lithium corrosion and proof of fuel
element endurance at 1600 K surface temperatures in lithium. As noted
before, a boiling alkali metal reactor might reduce the peak fuel
temperature some 50 to 75 K and relieve the lithium corrosion problens.
However, this approach introduces major reactor containment, control and

start up problems.

In Table 5.2.3 a qualitative assessment of concepts versus criteria 1is
presented. Table 5.2.4 rates important system qualities for the 4 primary
concepts and provides a quantitative overall comparison between the

concepts.

If all criteria are weighted equally, the incore thermionic reactor system
scores best (107), followed closely by the potassium Rankine system (95).
The best Brayton and Stirling cycle systems rank substantially lower (80
each). If the compactness of launch and system mass are given weighting
factors which are a factor of three and two, respectively, greater than the
other criteria, the rankings remain unchanged (figures in parenthesis),
except that the Brayton cycle system is slightly advantageous (96) over the
Stirling (92). From this admittedly subjective rating, it is clear that the
boiling potassium reactor with a potassium Rankine cycle power conversion

system has an attractivness comparable to that of the incore thermionic

IV-14
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reactor system and cohsequently no clear cut decision for concentration of

effort can be recommended at this time.

If the static tﬁermionic system with series-parallel connected converters
can achieve the required endurance and acceptable fabrication costs, it
could prove to be the more desirable system for space power generation, in
spite of having a mass slightly higher than that of the potassium Rankine

system.
5.3 SYSTEM CONFIGURATION

Configuration influences radiator choice, and consequently conversion system
and reactor concept choice. The criteria which strongly influence

configuration are:

Radiation shielding & payload radiation sensitivity
Need for payload maintenance during spacecraft lifetime
Minimum orbital construction

Self deployment in orbit

Maximum survivability

Power transmission requirements

Thermal isolation of the payload

o 0 0 0o 0 ©0 o o

Minimum possible contamination of payload from coolant or radiator

leakage.

adia otection are influenced by the radiation tolerance
of payload components. Figures 6.2.7 and 6.2.8 (Section 6 of this Volume)
provide an approximate range of radiation fluences tolerable by various
payload components. Figure 5.3.1 provides an approximate magnitude
comparison of these tolerances to the annual dosage that the components
might receive from a 1 MWe and a 10 MWe reactor versus separation distance.
For example, if the payload can only tolerate 10!3 nvt fast neutrons and 5 X
105 rads of gammas (SP-100 specification), then the neutron shield for 10
MWe at an equivalent of 5 years of full power operation might only require
another 30 cm (~ 1 foot) more LiH shield thickness than the SP-100 shield,

with the same 25 meter separation distance. However, at the probable 50 to

1v-17
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100 meter separation distance, the neutron shield would only be some 10 to
20 cm thicker than the SP-100 shield if the Rankine system 1is used. The
thermionic system requires thicker shielding at the reactor in order to
protect the power conditioner. As a result, payload fluence, will be

reduced substantially.

Payload Maintenance can be achieved during reactor shut down with the same
shadow shielding, 1if the system has a long stretched geometry as shown on
Fig. 2.1 of Volume I. For Li cooled systems, the reactor coolant activity

will decay within several minutes after shutdown.

Figure 5.3.2 was derived from Origen II calculations performed by SPI to
determine post operation shutdown decay of core radioactivity. If the
system is shielded to the SP-100 payload fluence levels of 10!3nvt and
5X10%rad, then the shutdown maintenance dose at the payload can be estimated
from this figure. Note that, if the system is started up in low orbit for
system check out, operated at full power for 15 minutes (i.e. 10'2 days),
and then shut down, an astronaut could approach the payload within the
shadow shield cone angle after only 0.1 day (2.4 hrs.) following reactor
shut down. His dose rate at the payload would be about 0.3 mr/min. At this
dose, he could work on the payload for about 5 hours before receiving a

typical Appollo mission dose rate of 100 mr/day.

Also note that if the reactor is operated for over 1000 days (-3 years) and

is shut down and cooled for 30 days, than an astronaut could work on the
payload for about 50 minutes (2mr/min) at the Apollo daily dose rate.

At Soviet maximum permissible emergency dose rates for cosmonauts, Table
5.3.1, maintenance periods of 8 hours per day for several months could be
accommodated with less than 50R accumulated dose. More stringent U.S.
military standards could be specified to 1limit the total emergency
maintenance dose rate per astronaut. The accumulated dose rate would be
about 1R per day at the SP-100 level of shadow shielding. A shadow shield
for a manned mission with the sleeping quarters located 100 meters from the
reactor (Fig. 2.2) wmight require about 40 to 50 cm of borated 21:}11'85 and
about 60cm of LiH. Such a shield would add less than 10% to the systenm
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masses reported herein. Special additional consideration must be given to
the high energy bfemmstrahlumg emitted by the decay of Li* 1in the primary

coolant during operation.

Configurations were examined wherein the primary coolant, the power
conversion and the hot radiator (l1000K) were located on the end of the
reactor opposite from the payload. The power conditioning, transmission
lines, other special electrical gear, and the cold radiator (400K to 500K)
were located between the reactor and the payload, as illustrated in Figure
5.3.3.

These configurations offer thermal control and electrical system advantages,
but do introduce structural and shielding problems. Figure 5.3.4 provides
the basis for the preliminary shielding effects analysis that was introduced
into the SPI system design code used to study the Rankine and thermionic
systems in more detail. The scatter shield shown was made up of LiH only.
All primary coolant filled components were lined up on the center line

behind the reactor and primary gamma shield.

The studies indicated that the scatter shield thickness required was nearly
one half the primary LiH shield thickness. The studies also indicated that
the "scattershield” diameter must be small enough and the thin "wings" of
the primary shield large enough to intercept the back scatter from the
scatter shield. 1In general, this arrangement did not lead to a minimum mass
system, however it might be appropriate to certain applications or other

system constraints.
5.4 SURVIVABILITY

Various natural and hostile threats will be encountered by any orbiting
system that requires 10 MWe of power. Even a civil communications or
surveillance unit of this nature will have significant strategic importance.
At low altitude orbits, below 400 km, atomic oxygen reaction with hot
refractory metals 1is a concern. Hot (1000K) niobium alloys exposed as

radiators might quickly oxidize at atmospheric oxygen densities of 10% to
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10° particles/cc. The migration of oxide through hot niobium might cause
severe degradation.

The 10 MWe telescoping heat pipe radiators recommended by SPI would be made
of armored heat pipes coated for high emissivity. Such systems may start up
in 350 km orbits and power electric propulsion devices to accomplish orbital
transfer to higher operating orbits [1]. Nuclear safety and operational
requirements will tend to place operational orbits above 900 to 1000 km
where atomic oxygen densities are 1less than 10¢ particles/cc. Transfer
times would typically be only a few weeks. Multifoil insulation surrounding
all primary and secondary piping will provide a shield against atomic oxygen
reaction on critical hot external surfaces. With special care the atomic

oxygen problem should be solvable.

Large spot, flood 1lasers from the ground can be a major threat to low
altitude spacecraft. In section 4.3 it was shown that 1liquid droplet
radiators could not sustain such an attack. A ground based laser that can
track a target from -45° to +45° (from the vertical), can stay on target for
over 200 seconds. It is also known that 10.5 um CO, lasers and 3.8 um DF
lasers can effectively penetrate the atmosphere. The €O, laser
effectiveness will peak on the high emissivity payload radiators operating
near 273 K while DF lasers will be particularly effective against high
emissivity power system radiators operating at 750 K. Normally the
atmosphere is quite opaque to infrared wave lengths from 2.5 to 3.1 microns,
(1.e. 1100 K to 900 K). The high temperature cycles utilizing refractory
metal heat pipes operating at about 1000 K could utilize a surface coating
that has a high emissivity near 1000 K and a lower emissivity at 750 K, (3.8
microns). This again reinforces the recommendation for pursuing the K-
Rankine and the incore thermionic power systems utilizing 900 K to 1100 K

radlators.

The natural gravity stabilization altitude recommended for spacecraft
configurations using the telescoping heat pipe radiator minimizes the
incident angle from ground based laser (GBL) attack. Spacecraft spin up, or
the alternately spaced cylindrical heat pipe arrangement shown on figure
4.3.40 of Volume II, will further reduce the effectiveness of the GBL attack
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by about 1/x. The reactor and primary loop will serve as a heat sink to
flood laser attéck, until excessive temperatures are achieved. The use of
lithium primary coolant will permit a design in which the potassium or
sodium heat pipes in the radiator will fail before the reactor vessel fails.
This is another important consideration for selecting lithium as the primary

coolant,

The low mass number micrometeorite berrylium armor on the radiator and a low
mass number radiator emissivity coating, such as carbon-carbon, boron
nitride, boron carbide, BeO, or possibly ZrB,, will minimize the system

generated EMP from nuclear weapon gamma release of surface electrons.

Very high intensity lasers emanating from space based attacking ASATS will
by necessity usually have small spots. Depending upon the attack range, the
spot might vary up to 2 meters or so in diameter. The long, large diameter
molybdenum heat pipes specified herein can be designed to withstand
anticipated spot heat fluxes over these diameters and for typical engagement
durations. Upper 1limits are a function of design vehicle spin up, tube
spacing, wick structure, tube diameter, length, material and assumed attack

scenario.

Kinetic energy weapon or counter orbiting shrapnel attacks might best be met
by means of a shield designed in a manner similar to a micrometeorite
bumper-armor. The use of Be (A>8000 cal/gm) and LiH (A>4600 cal/gm)
properly spaced could be designed to absorb counter orbiting shrapnel (-16
km/sec net velocity), for example as shown in figure 5.4.1 and 5.4.2.

Figure 5.4.3 shows that the accelerations (g’'s) and thrusts (lbs) to
accomplish evasive maneuvers for a 30,000 kg cylindrical spacecraft in 5 to
10 seconds can vary from about 0.1lg to lg. Thus KEW threats might be
avoided by maneuvering and/or shielding. The recommended telescoping
radiator configuration could be designed to sustain such maneuvers when
deployed. Figure 5.4.4 provides an estimate of the fuel mass expended for
representative evasive maneuvers. Note that a 20 rpm spin requires very
little fuel and only a small fraction of a g acceleration to the structure.

To translate the spacecraft 100 meters within 10 seconds and restabilize can
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require about 0.15g and some 200 lbs of fuel. A 180° end over end flip and
recover in 10 seconds could require about 1/2 g and about 1000 1lbs of fuel.

5.5 ORBITAL ASSEMBLY/START UP/SHUTDOWN/DORMANCY/RESTART/RELIABILITY
bit ssemb Considerations

From Table 5.2.2, the gas cooled reactor with a metallic Brayton cycle
turbine and the 1lithium cooled reactor coupled with the tantalum-alloy
composite Stirling cycle both required multiple shuttle launches for the
power wmodule. All Brayton and Stirling cycle systems required two or more
shuttles for the radiator. The potassium Rankine and thermionic concepts
each require one shuttle for the power module and one for the radiator.
Hence, all concepts will require some assembly in orbit, the Brayton and

Stirling more so than the Rankine and thermionic.

Considerations specific to certain of the concepts include: The gas cooled
reactor, Brayton turbine power system with a metallic turbine requires that
the high pressure gas loop be welded and inspected in orbit, The working
fluid gas must be carried in separate high pressure cylinders and
subsequently charged into the system. Additional welding and 1inspection
will be necessary because the use of the preferred triform heat pipe
radiator requires a series of parallel NaK heat distribution 1lines to be
connected from the gas - NaK heat exchangers to the heat pipe radiator
panels. This requirement is unique with the gas radlator distribution
piping because of the need for thick micrometeorite protection since one
leak from a gas line could lead to system failure. (While lithium would be
over 20 times as efficient 1in pumping power and of lower mass, it would
represent a nearly impossible frozen startup problem after every extended
shut down.) The higher temperature ceramic turbine Brayton system offers
the potential of being shipped to orbit with the gas 1lines welded, loaded
and 1intact. For both Brayton cycle systems the multiple shuttlie loads of
liquid metal radiator elements will require assembly, welding and checkout

of the radiator piping and structure in orbit.
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The LMCR-FPSE system also represeﬁts a major construction project in orbit.
The 1lithium primary coolant 1odp will consist of at least 3 shuttle loads
when using ceramic fibre reinforcéd refractory metal alloys for the Stirling
engine cylinders. If the all-ceramic cylinder can be developed, then this
reactor-lithium-engine module might be ground assembled and launched intact.
However, the heat rejection system for this approach is nearly comparable to
the Brayton cycle, due to the relatively 1low temperature of operation.
Thus, the orbital assembly requirements for the Stirling system will be

approximately comparable to those for the Brayton cycle or worse.

The potassium Rankine system using tantalum alloy boilers and turbines is
marginal as to whether or not it can be engineered to fit the power module
system mass into one shuttle. The mass limiting component is the turbo-
alternator. The telescoping radiator is easily lifted by a single shuttle
to LEO for rendezvous and assembly. Hence, no welding or fluid charging
would be required, since the connection between the power module and the

radiator is effected by slip fit and self welding during initial system heat
up.

The incore thermionic system easily fits into two separate shuttles with
weld free orbital assembly. The power conditioner would probably be
launched with the payload and does not require any welding.

u utdown d Rest

The factors important to the initial startup of the system, as well as those
associated with subsequent shutdowns, periods of dormancy, and restart have

been examined. These factors are summarized briefly as follows:

1. Of the systems considered, the gas cooled reactor, Brayton PCS 1s the
most easlly started up. However, cooling of the reactor core during shut
down dormancy after extended operation would require continuous operation of
the main compressor. A separate compressor would be required to remove gas
from the main system to a high pressure storage tank. Thus, the main
compressor could be driven efficiently by the main turbine. Major power

variations for extended time periods would also require the wuse of the
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auxiliary compressor: and storage system. The reactor could never actually
be shut down and allowed to become dormant. Restart requires admitting the
stored high pressure gas back into the system.

2. The LUNR-FPSE, LUNR-KRS, and the incore thermionic systems all use
lithium cooled reactors. The 1lithium would be frozen during launch and
deployment and quickly thawed with reactor startup heat. However, the
extensive 1lithium piping network required for the LUNR-FPSE system would
make "hot artery" heat pipe tracing throughout the loop very difficult, if
not {mpossible. Reactor post operation shut down heat would be removed to
the power conversion components by the "hot artery" heat pipes installed in
the primary coolant loops. The FPSE systems would require some engines to
operate during shut down in order to transfer the heat to the radiator NaK
loops. Restart after primary loop freezing in the cylinder heads is

questionable.

The potassium Rankine system (KRS) boller 1s somewhat complex and is
equipped with a shutdown K-vapor turbine bypass line to the direct condenser
and with an EM pump to return the liquid to the boiler. While shutdown
cooling is assured, startup-shut down and restart of this system is complex,

as described in the Rankine cycle design Section 6.1.

The incore thermionic lithium loop is also thawed at startup with reactor

heat. Shutdown heat is removed by "hot arteries" directly to the heat pipe
radiator. Restart reliability is assured by repeat of the original start up
sequence after long dormancy periods. The system can be shut down
completely.

5.5.3 Reljabflity

The GCR-Brayton system receives a high reliability rating, if the 1800 K
ceramic turbines and 2000 K fuel cladding can survive, and if the auxiliary
compressors are reliable. Shut down cooling and the large radiators are a
major concern. The major loss of capacity which occurs when one component

fails is another concern, although gas system components promise good
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reliability at 1lower temperatures. The oxygen-mass transport in inert gas

systems spanning a large temperature range is another concern.

The incore thermionic reactor system theoretically could be very reliable
due to the extensive paralleling of thermionic fuel element (TFE) circuits,
power conditioner elements and radiator heat pipes. A major concern is the
absolute reliability of the TFE elements and the 1large number of primary
core vessel penetrations for electrical lead outs. The penetrations are of

concern since failure of seals could result in a coolant leak.

Major concerns of the LUNR-FPSE and LUNR-KRS are the very high temperature
lithium pumps, the hot reflector control drums and bearings, and the power
converters. Corrosicn and mass transport in the coolant loops, bearing
passage cold trapping and plugging, and high temperature, high stress creep
of the turbines and cylinders are major concerns. Shutdown and startup of

these systems must be assured under all conditions.
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6.0 CONCEPTUAL DESIGNS
6.1 RANKINE TURBO ELECTRIC SYSTEMS

6.1 troductio

The cycle schematic of the basic saturated Rankine cycle is shown in Fig.
6.1.1. Vapor generated in the boiler is separated from residual liquid,
expanded through a turbine, condensed in a radiator, and recirculated to the
boiler. The ORNL MPRE approach, Fig 6.1.2 integrates the boiler, the
reactor heat source, and the vapor separator into a single component, with
the separated saturated 1liquid recirculated to the reactor inlet by jet
pumps, similar to the boiling water reactor. The majority of the wvapor |is
expanded through the turbine, condensed in the radiator, and recirculated
back to the reactor/boiler. A fraction of the vapor is expanded through a
turbine driven recirculation pump, which pressurizes the liquid prior to
heat addition and recombination with the saturated liquid from the boiler.
Depending on the moisture content capability of the turbine, 1liquid

extraction points on the turbine can be provided.

The evaluation of the Rankine system for this study was performed on a cycle
configuration conceptualized by SPI to coﬁply with the performance, size,
and weight requirements. Previous studies by ORNL have been based on a
uranium nitride fueled, boiling potassium cooled reactor (BKR) for the heat
source, a technology wunder development in the 1960's as the Medium Power
Reactor Experiment and presently receiving further attention. The
technological problems of developing this concept have been discussed
previously, briefly in this report as well as by ORNL (2). To reiterate,
the major concerns specific to the differences between the direct boiling
reactor Rankine cycle approach and 1indirect approaches, are: the
understanding and control of zero g boiling in the core; neutronic control;
the use of uranium nitride as a fuel; the need for a thick wall pressure
vessel which dictates that the reflector control elements must be contained

within the vessel or hot wells and operate hot.
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The indirect concept ‘attempts to bypass at least some of these problem areas
by removing the Soiling process from the reactor to an external liquid metal
boiler, so that the reactor coolant loop is single phase and low pressure.
The reactor coolant can fow be any low vapor pressure liquid metal which is
compatible with the fuel and with the neutronic and structural requirements
at the desired operating temperature. Because the primary loop 1is 1low
pressure, the core vessel can be thin walled, and the reflector control
drums can be 1located external to the vessel, outside the coolant

environment, and need not operate in a hot liquid metal environment.

This study has considered both uranium dioxide fuel together with lithium or
potassium coolant and uranium nitride with lithium. The choice between
these two options, while important to the reactor design and technology
development requirements, are observed to have only a second order effect on
the system size, mass or performance, the key indices of interest in this
study. Consequently, for the comparisons, a reactor concept consisting of
uranjum nitride fuel and 1lithium cooling has been selected as

representative.

Another consideration, relative to the choice of a two 1loop system versus
direct boiling in the reactor core, is the possibility of enhancing the
system reliability through multiple power conversion subsystems. In these
studies the 10 MWe system is assumed to consist of four independent
secondary loop subsystems. That is, a failure or loss of working fluid of
any one system does not result in complete electrical power loss. Prudent
design will allow the loss of one secondary loop to be compensated by a 1/3
increase in output from the other three loops, unless a 25% power loss is an
acceptable design criterion. The 5 MWe system is assumed to consist of two
(instead of four) of the same loops so that only one subsystem design is
required to evaluate both power levels. The possibility of providing a
comparable redundancy within the Boiling Potassium Reactor concept may be
possible, but the control and high temperature valving problems appear

severe.

Algorithms for component masses have been formulated to reflect a

conservative (ie heavy) estimate for the system mass, an assumption which
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will undoubtably prove true for the near-term concepts. The radiator has
also been conservatively configured to provide micrometeorite protection for
up to ten years. Comparable assumptions have been used for the components
of the thermionic system, so that the comparative evaluation is performed on
a consistent basis within this Section, and neither concept 1is wunfairly

penalized by these assumptions.

Fig. 6.1.3 shows the essential features of the power conversion (one of four
for the 10 MWe system, one of two for the 5 MWe system) loop Rankine cycle
evaluated for this study. In this approach, saturated liquid from the
separator 1is cooled in an economizer prior to recombining with the
condensate from the radiator. The cold coolant is pressurized and reheated
in the economizer as shown, eliminating the need for the high temperature

recirculation pump of the basic cycle.

Comparing this cycle with the MPRE cycle of Fig. 6.1.2, the major difference
is seen to be that the pressurized feed of the MPRE cycle is pre-heated by
the combination of the fraction of vapor used to drive the turbo-pump and
the moisture extracted from the turbine, while in the SPI loop this heating
is accomplished by the saturated 1liquid from the separator. Also, in
effect, the jet pump of the BKR system is replaced by an EM pump in the
reactor primary loop. Not shown in the SPI cycle, are possible options for
superheating, moisture extraction from the turbine, reheat, and a turbine
driven feed pump, some of which are also possible with the BKR. All of
these options could be examined, but their consequence to the overall system
size, mass, or performance, within the comparison accuracy intentions and
limitations of this study, is not expected to change any conclusions made by

their absence.

IV-40



¢'1'9 "9I4

4007 NOILYINI¥II ¥3IZIWONOI3
JLVSNIANOD
i ML
) mm /-

dWwnd 4334

C_

ﬁ/// 374005 Lv3H
.IL o
HOLYHINIS — ¥YoLvyvd3s zug_om

INlquny

FTOAD INDINVYH d3ISOdOHd IdS

.-‘_ A
"J

| R
wlsne Fi.

o b

N N R

Lok

!
|

o

b

IV-41




urbo-Alte to

In-depth potassium vapor turbo-alternator design studies of the 1960's were
done at power levels of 300 kWe, 400 kWe and 1 MWe. Fig. 6.1.4 shows a 300
kWe 5-stage turbine designed by ORNL during this period. These studies
served as the basis for extrapolation to the 1.5 MWe and 3 MWe turbo-

alternators used in this study.

The most important factor limiting the peak temperature of a thermodynamic
cycle 1s the creep strength of the structural material. For the Rankine
cycle, the peak cycle temperature 1is often limited by stresses in the
turbine rotor. Since these stresses are induced by centrifugal forces,
which are proportional to material density, the controlling parameter 1is
allowable creep stress divided by density. This parameter is presented in
Fig. 6.1.5 as a function of temperature for several candidate materlals.
The minimum wvalue for reasonable turbine design is also indicated. The
creep rate of ASTAR 811-C 1is considered suitable for turbine inlet
temperatures up to 1450 K, Erosion tests at 12% and 14% moisture showed no

signs of degrading erosion.

Fig. 6.1.6 was used in this study to extrapolate potassium turbo-alternator
size and specific mass. The bases for Fig. 6.1.6 were designs by General
Electric, Pratt and Whitney, AiResearch, ORNL and Westinghouse in the 300 kW
to 500 kW range. The specific weights of the turbines, alternators and

generators were found to vary with power by the inverse 1/4 power law.

The boiler/separator and the condenser become key components in assessing
the feasibility of the proposed Rankine cycle. The boiler/separator must
stably vaporize a large percentage of the liquid metal throughput to avoid
large recirculation pump and friction losses. The condenser has to
accommodate varying quantities of mixtures of vapor and saturated liquid in

a zero-g environment.
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In the SNAP 2 program in 1959, the most effective once through boiler-
superheater, for ﬁercury, was found to be achieved with a twisted ribbon 1in
a straight tube. This type of pressure tube boiler provides high power
density at very low circulation ratios for a liquid 1like K that reliably
wets the tube walls. The boiler 1is independent of gravity because the
twisted ribbon imparts 10’'s of g's of tangential acceleration to 1liquid
droplets as they pass toward the outlet. When the individual tube inlets
are properly orificed, vapor can be nearly dried by boiling alone, with

stable operation across the boiler.

Preliminary optimization of this type of boiler for the MCNSPS requirements
provides a design with 2 cm diameter tubes less than 1 meter long. The
shell diameter is 43 cm. The ASTAR 811-C boiler tubes of this design are
stressed to less than 1% creep in 5 years at the lithium inlet temperature.
The nominal boiler/separator mass is 328 kg per unit, or a total of 1312 kg
for four units. The lithium inlet temperature is 1550 K. All systems are
designed to a minimum of 20 K AHt at the feed heater-boiler pinch point.

Condenser

The condensers of the ORNL MPRE design were too heavy to make a 30,000 kg
system mass limit. The more recently proposed ORNL 5 MWe (2) direct
condensing radiator (as understood) could lead to a single point failure if
penetrated by debris/micrometeoroids. That design does not have sufficient

armor to guarantee against this likelihood.

An SPI innovated condenser design has been used in this study for purposes
of the PCS analyses. This condenser is wused in conjunction with the
telescope radiator concept described in Section 4.3, Volume II. A separate
zero-gravity conical condenser is incorporated within each large heat pipe
of the first telescope radiator section. These individual heat pipes will
transport 500 to 1000 kWt. Heat flows radially outward, through the conical
condenser walls, and evaporates potassium from the telescope heat pipe wick

on the outer surface of the conical wall.
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Primary vapor 1is condensed and carried out of the conical condenser by two
means. As vapor éondenses, it leaves behind an incremental lesser amount of
vapor Yyet to be condensed. The conical shape of the condenser yields a
decreasing vapor cross-sectional flow area as vapor flows into the
condenser. These two facts produce a fairly constant vapor flow velocity
through the condenser. The flow of this vapor along the conical condenser
walls imparts a shear force on the condensed potassium deposited on these
walls and pulls it in the direction of vapor flow. Also, the capillary
forces of the condensed potassium tend to "pump" the fluid to the small
diameter end of the condenser. These two forces, acting on the potassium,

will provide a stable and reliable supply of condensate to the boiler feed
pump .

Computer Analyses

Good system design is the result of a number of design optimizations. A
computerized parametric analysis of the potassium Rankine system was made
using an internally-produced systems code. Table 6.1.1 shows the flowchart
of the potassium Rankine algorithm which has been incorporated into a
computerized system code. Table 6.1.2 lists the input parameters which can
be varied and a typical Rankine system code output is shown in Table 6.1.3.

This systems code was used to optimize the system mass of a 10MWe and a 5MWe

Rankine nuclear space power system. The optimized system code output for

each of these power levels appears in Tables 6.1.4 and 6.1.5.
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FLOWCHART OF POTASSIUM RANKINE SYSTEM ALGORITHM

POTASSIUM RANKINE SYSTEM SOLUTION ALGORITHM

INPUT: NET POWER, TURBINE INLET TEMPERATURE
SYSTEM PARAMETERS

3

ASSUME TURBINE POWER

P
1

POTASSIUM RANKINE CYCLE

CoMpUTE CYCLE THERMODYNAMIC PARAMETERS
INCLUDE REHEAT IF MOISTURE LIMIT EXCEEDED
SOLVE FOR MASS FLOWRATES
SOLVE FOR CYCLE ECONOMIZER
CoMPUTE HEAT EXCHANGER POWERS AND TEMPERATURE
CoMPUTE POWER FOR FEEDPUMP
OuTPuT: CYCLE EFFICIENCY, FEEDPUMP

PoWER, HEAT EXCHANGER PARAMETERS

O (+)
Table 6.1.1
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FLOWCHART OF POTASSIUM RANKINE SYSTEM ALGORITHM

T-LITHIUM |REACTOR POWER

L1 HIUM COOLED REACTOR: THERMAL - HYDRAULIC

MATCH FUEL RoDS To LIFE AND LINEAR POWER DENSITY

ITERATE L CORE FOR L/D
ITERATE ROD GAP FOR PRESSURE DROP

OuTPuT: GEOMETRY, COOLANT PARAMETERS

PRIMARY PuMP POWER

ITERATE TURBINE POWER FOR NET POWER

NET POWER | REACTOR GEOMETRY
A
REACTOR CRITICALITY

ITERATE FOR ENRICHMENT

IS ENRICHMENT
WITHIN LIMITS?

1.

‘Table 6.1.1 (cont'd)
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FLOWCHART OF POTASSIUM RANKINE SYSTEM ALGORITHM

REACTOR POWER DOSE LIMITS

SHIELD

SOLVE FOR PRIMARY NEUTRON AND GAMMA SHIELDS

COMPUTE SHIELD WINGS
OUTPUT: GEOMETRY

TURBO-ALTERNATOR

CoMPUTE S1ZE AND WEIGHT CORRELATIONS
OuTPUT: GEOMETRY

4

PoweER CONDITIONING AND CONTROL

SoLVE FOR PC RADIATOR AND TRANSMISSION BuUS
OuTPuT: PC AND C WEIGHTS I

Table 6.1.1 (cpnt'd)
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FLOWCHART OF POTASSIUM RANKINE SYSTEM ALGORITHM

THERMAL POWER, TEMPERATURES AND PRESSURES

HEAT EXCHANGERS

SoLVE COUNTERFLOW HEAT EXCHANGERS FOR TUBE SIZE AND SHELL GEOMETRY
(BOILER AND FEED HEATER, REHEATER, AND ECONOMIZER)
OuTPUT: GEOMETRY AND WEIGHTS

REJECT HEAT CONDENSER TEMPERATURE

RADIATOR

SoLve CoN1CAL RADIATOR
OUTPUT: GEOMETRY AND WEIGHT

CONDENSER

OUuTPUT: GEOMETRY AND WEIGHT

\

COMPONENT CORRELATIONS

OUTPUT: WEIGHTS AND SIZES
SELECTED COMPONENT DETAILS

Table 6.1.1 (cont’'d)
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T2 XXX SRR RS2SR 2 22 2 2 2 X X 2 2 2 2 2 & 2 2 J

10MWe RANKINE SYSTEM CODE OUTPUT

ISP XIS ZE RS2SR XX 2RO R 2R R 22 22 2 2 2 2 2 2 & A0 AR R L A4 A2

" POTASSIUM RANKINE SYSTEM o
" _ FILE: KR_J02 CASE NUMBER: 2
'S 2 2 2222222222222 X222 XX 2 XX XXX X 22 222X 2 2 X R 2 2 X 2 2 X 2
NET ELEC. POKER = 10 MW w# INPUT
REACTOR LIFE = 5 years «% INPUT
PAYLOAD DIAMETER = 10 m wu INPUT
PAYLOAD SEPARATION = 100 m we INPUT
- CYCLE PARAMETERS "o
INLET TEMP = 1460 K % INPUT
SUPERHEAT del-T = 10 K at REHEAT QUALITY = 92.4 %
TURBINE EFFIC = 81 %4 with 7 STAGES
FH&BOILER POWER = 11.4 MH & REHEAT POWER = 1,67 MW
INLET PRESSURE = 219 psi with EXIT PRESSURE = 12.8 psi
REHEAT PRESSURE = 64.8 psi
CONDENSER TEMP = 1020 K at EXIT QUALITY = 97 %
K FLOW each set = 5.2 kg/sec
LM CIRCULATION RATIO = 2 we INPUT
GENERATOR QUTPUT = 10.7 MW
CYCLE EFFIC = 21.4 % wversus SYSTEM EFFIC = 19.1 %
L ZZ XXX ZZRAZ2 X222 XS 2 X 2 X 2 2 X 8 X J
HEIGHT SUMMARY *
RFACTOR WEIGHT = 5725 kg
SHIELD WEIGHT = 2552 kg
REAC PUMP WEIGHT = 1317 kg for 1 pumps
HEATERS WEIGHT = 1737 kg

TURBOGEN WEIGHT = 10470 kg for 4 sets
FEED PUMP WEIGHT = 392.3 kg
CONDENSER WEIGHT =  897.6 kg
RADIATOR WEIGHT = 16010 kg

TOTAL WEIGHT = 48280 kg

swun  REACTOR PARAMETERS ann

REACTOR POWER = 52.4 MW -
URANIUM BURN UP = 6 atom % and K-effective|= 1.12 =» INPUTS
REACTOR LENGTH = 1.72 m with REFLECTOR Thickness = 12 cm

REACTOR DIAMETER = .948 m with REFLECTOR Thickness = 11 cm

CORE LENGTH = 1.15 m

CORE DIAMETER = .638 m '

FUEL FRACTION = 60 % with U235 ENRICHMENT = ,339

NUMBER of FUEL RODS = 1535 with DIAMETER = 14.1 mm

FUEL ROD GAP = 1.3 mm with THAW TUBE DIAMETER = 3.68 mm
COOLANT FLOW RATE = 132 kg/sec with PRESSURE DROP = 28 psi
COOLANT OUTLET TEMP = 1550 K & INLET TEMP = 1450 K

=«na  SHIELDING PARAMETERY wnen

Table 6.1.4
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10MWe RANKINE SYSTEM CODE OUTPUT

=unwn SHIELDING PARAMETERS unww

SHADUW SHIELD DIAMEIER = 03 b
SCATTER SHIELD DIAMETER = 3 m
NEUTRON SHIELD WEIGHT = 269 . kg

GAMMA SHIELD WEIGHT = 293 kg
SCATTER SHIELD WEIGHT = 1990 kg

wwnu  RADIATOR PARAMETERS -

RADIATOR AREA = 1001 sqm

RADIATOR LENGTH = 38.5 m

START DIAMETER = 8.1 m / END DIAMETER = 8.4 m
GENERATOR RADIATOR AREA = 91,2 sqm at T = 600 K.
»wuw  HEAT EXCHANGERS . bbbl

WEIGHT of BOILERS & FEED HEATERS = 1310 kg
WEIGHT of REHEATERS = 346 k

WEIGHT of ECONOMIZERS = 84.4

BOILER SHELL DIAMETER = .43 m & TUBE LENGTH = .67 m
BOILER TUBE DIAMETER = 2 om »= INPUT with GAP = ,2 cm
ECONDO SHELL DIAMETER = .12 m & TUBE LENGTH = .71 m
ECONO TUBt DIAMETER = .7 =m =« INPUT with GAP = .32 cnm
CONDENSER CONE LENGTH = 2.06 m

wwuw  COMPONENT SIZES o

TURBO-GEN LENGTH = 1.8 m

TURBO-GEN DIAMERER = .9 m

LA AL AL S R Al 222 2 2 22T IXTES LIRSS SRS LR S

Table 6.1.4
(cont'd)
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5MWe RANKINE SYSTEM CODE OUTPUT

* Q..O.l“h.il 00 e 00080 NN ..ﬁ...‘.ﬂﬂﬁ.ﬂﬁﬂ.’.i..ﬁ.ﬂ'.“ﬁ

" POTASSIUM RANKINE SYSTEM »
» FILE: KR_JOS CASE NUMBER: 4
...IQ."H&"'.‘..'DM‘.Q.'.....QI‘.Qll'ﬂ’“.ﬂ“i.ll.ﬂ.l‘ﬂﬁ
NET ELEC. POWER = 5 MH

PAYLOAD DIAMETER = 10
PAYLOAD SEPARATION = 50
wwwu  CYCLE PHRHHETERSS0 L hdeded

INLET TEMP = K
SUPERHEAT del-T = 60 F
TURBINE EFFIC = 80 4
TURBINE STAGES = 6
TR
= . ps
CONDENSER TEHP = 1030 K at EXIT QUALITY = 87.5 %
K FLOW each set = 6.6 kg/sec
GENERATOR QUTPUT =  5.31 MW -
CYCLE EFFIC = 19 ‘% versus SYSTEM EFFIC = 17.3 %
» %% ﬁiﬁi“'ﬂ“."ﬂ'..'...'.. 2222222221
TOTAL WEIGHT = 26480 kg
" REACTOR WEIGHT = 3562 kg
SHIELD WEIGHT = 1114 kg
REAC PUMP WEIGHT =  467.8 kg for 1 pumps
BOILER WEIGHT = 1015 kg
TURBUGEN HEIGHT = g%%ﬂa tg for 2 sets
’ q
T = 2750 k
AN G T
L 2 2 ] “'...-...'..- 't 2222232223222 2 28 22 2 4
=wwe REACTOR PARAMETERS bl
REACTOR POKWER = 28.9 MW at OUTLET TEMP = -1500 K
URANIUM BURN UP = 6 atom ¥ and K-effective = 1.1
REACTOR LENGTH = 1.34 m with REFLECTOR Thickness = 10 cm
REACTOR DIAMETEK = .877 m with REFLECTOR Thickness = 12 cnm
CORE LENGTH = .835 m
CORE DIAMETER = .554 m
FUEL FRACTION = 60 % with U235 ENRICHHENT = ,372

NUMBER of FUEL KODS = 1123 with DIAMETER = 14.4 m
CODLANT FLOW RATE = 69.2 kg/sec with PRESSURE DRCIP = 11 psi

waww  SHIELDING PARAMETERS bk
SHADOW SHIELD DIAMETER = .89 m
SCATTER SHIELD DIAMETER = 1.5 0
NEUTRON SHIELD WEIGHT = 309 kg
GAMMA SHIELD WEIGHT = 265 kg
SCATTER SHIELD HEIGHT = 540 kg
»wue  RADIATOR PARAMETERS newn
RADIATOR AREA = 535.5 sqm

RADIATOR LENGTH = 39

n
START DIAMETER = 4.2 m ./ END DIAMETER = 4.5 m
wwew  COMPONENT SIZES nnn

TURBO-GEN LENGTH = 1.8

m
TURBO-GEN DIAMERER = .9 mn
BOILER SHELL DIAMETER = ,57
BOILER OUTER DIAMETER = 2.1 =m
CONDENSER LENGTH = 1,2 m
CONDENSER DIAMETER = .4 n
R R L P LTI
Table 6.1.5°
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6.2 THERMIONIC SYSTEM

6.2.1 Introduction

The following ground rules were used in the design of the thermionic power
conversion system. The 10 MWe thermionic MCNSPS design wuses thermionic
performance corresponding to superior but actually achieved, laboratory
thermionic converters. A bare emitter work function of 5.1 eV, probably the
upper limit for oriented tungsten surfaces, is assumed. The 1900 K emitter
temperature assumed is 200 K hotter than current SP-100 design, but only a
modest extension of the 1850 K temperatures run in previous in-core TFE one
year testing programs. The LC-9 out of reactor test was run for 5 years at
1970 K without significant performance degradation. This test used a
rhenium emitter instead of tungsten. Higher performance and/or longer
duration may be achieved with oxygenated converters, surface coatings, or

other base emitter materials, such as alloys of rhenium.

In the UO, fueled in-pile tests which have been conducted, device lifetime
was projected to be up to three years, being limited by emitter deformation.
The emitters proposed in this study, also UO, fueled, are less than half as
large (d=lcm) as those of the previous tests. This allows the fractional
distortion (Ad/d) of the smaller emitters to be twice that of the larger
devices before short circuiting would occur. The large size of the 10 MWe
reactor allows for the U?3% enrichment to be decreased to below 50%. An
alternate course is to use fully enriched fuel and replace some U0, with
THO,. Life 4 code fuel swelling calculations indicate that an unenriched
rind of UO, or THO, surrounding a fully enriched core of 23% U0, will serve
to provide a "hard" buffer between the soft fuel core and the emitter,
thereby constraining the fuel swelling. This behavior has been demonstrated
by Chubb et.al. Taking into account some expected saturation in fuel
swelling and the subsequent development of higher creep strength fuel rind
and emitter materials, projecting a five year life for these small diameter

emitters appears to be a reasonable goal.

The sheath insulators are required to operate at 20 to 50 volts and at
temperatures about 50° below the SP-100 design. Y,04 and YAG sheath
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materials hold the 'most promise of meeting long term design requirements.
Y,05 shows particularly stable resistance to mneutron damage (recent
examination by LANL of the K-5 capsule previously irradiated at EBR-II.
However, the possible electrolysis in Y,04 at higher voltages may require
the use of yttria-alumina garnet (YAG). The satisfactory fabrication of YAG
sheath insulators is yet to be completed. Sheath insulator and power
conditioner development are critical to the success of the incore thermionic
system at high power output. An alternative approach is to accept a low
voltage output from a TFE and transform this output to a higher voltage

outside of the reactor with suitable power conditioners.

€.2.2 Thermiopnic Reactor

Figure 6.2.1 shows an end view of a 10MWe thermionic reactor. TFE’s are
electrically joined together in clusters of seven. Each seven-cluster lead
penetrates the ends of the reactor vessel. A conceptual design of the
cluster lead is shown in Fig. 6.2.2. This figure shows details of the power
lead which penetrates the reactor end plenum for a 7 rod TFE cluster. The
electric lead 1s 1insulated from the liquid metal coolant by a tri-layer
sheath insulator and has doubly redundant seals where the penetration is
made through the vessel head. The electric lead is drilled to provide a
fission gas vent port that communicates with each of the TFE's in the
cluster. An identical lead configuration for the cluster is also present at
the opposite end of the reactor. Differential expansion is taken up in the

reactor center plane where TFE's are grounded.

The cells within one TFE are connected in series. If a single cell shorts
against the collector only the incremental voltage contribution from that
single cell is lost. The remaining cells continue to operate stably and the
TFE voltage decreases ~.5 volts. Since the 7 TFE's in the TFE cluster are
connected in parallel, a small decrease in voltage in one cell has only a

very small effect on the cluster output.

Referring back to Figure 6.2.1, four large bus lines, located at 90° with
respect to each other, are attached to the TFE cluster leads at each end of
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the reactor. The bus 'bars leaving the top end of the reactor are rotated

45° with respect to the corresponding group at the other end.

Each TFE can consist of as many as 60 cells and has a ground connection at
midlength. Power from half of the cells is directed out each end through
the TFE cluster lead. Figure 6.2.3 shows the detail of the central grid
plate which 1locates and grounds the TFE's in the MCNSPS design. Two TFE's
enter the coreplate, slipping together concentrically. The right hand
portion of this figure shows one of the small thaw pin heat pipes used to
melt frozen coolant during dormant startups. Grounding the TFE at the
central grid plate allows approximately 19 volts to be delivered at each end
of the reactor. This is the approximate voltage limit that current state-
of-the-art sheath insulators can withstand without breakdown over their five

year operational lifetime.

Figure 6.2.4 shows a side view of a 10MWe thermionic reactor. As shown here
and in Figure 6.2.1, the electric bus forms the micrometeoroid protection
armor for the reactor coolant pipes. One TFE cluster is also shown in a
cutaway. A core aspect ratio (L/D) of 1.5 has been used in the base design.
This yilelds a design with substantially more lateral leakage surface for
neutrons than end leakage. This increased radial neutron leakage makes the
reflector control drums relatively effective 1in reactivity worth.
Nonetheless, because of uncertainties in core size and loading, it 1is not
possible at this time to determine if reflector control drums offer
sufficient reactivity swing. Control rods will 1likely be required to

compliment the drums.
Although the TFE assemblies are fairly complex, it is a repetitious assembly

of 1identical modules and should lend itself readily to volume production

techniques.
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6,2.3 ggwgt Conditioning
Ceneral Considerations

Thermionic convertors in a space nuclear power system are inherently low
voltage devices which produce high-current DC power. The generating voltage
of a reactor system can be selected by adjusting the number of cells which
are connected in series. However, in order to retain parallel groupings of
cells for redundancy and to minimize the chances of electrical breakdown or
electrolytic degradation of ceramic insulators, the voltage of an 1in-core
thermionic system should be designed to be as low as possible. An extensive
data base exists, which shows that output voltages of 10-30 volts are
acceptable in long life (>1 year) systems. While higher voltages may prove

feasible, their use is as yet undemonstrated.

Compact power conditioning can be 1is wusually accomplished by a series
resonant or a transformer-coupled inverter system with solid state
switching. It 1s necessary to switch high currents, on the order of 6000
amperes for a 100 kilowatt system, in the power conditioner. The use of
conventional power-conditioning designs at such low voltages results in low
efficiency (due to the forward voltage drop which is imposed by the wuse of
bipolar transistor technology).

The low efficiency of conventional power conditioner designs, combined with
the 1low operating temperature of past solid state systems, would result in
the need for massive power-conditioning waste heat radiators. This penalty
has been high enough to drive previous system designs to specify the
technically challenging development of high wvoltage (50 V) reactor
components, in particular the previously discussed sheath insulators. Thus,
a need exists for an innovative and efficient low-voltage, high-current

power-conditioning system.

In this study, power conditioning is assumed to be provided by a low voltage
power conditioning unit (PCU) of the type under development by SPI. This
compact PCU can be designed with power MOSFETs to provide a 10:1 to 20:1 DC
voltage step-up. The power MOSFET, which is making in-roads in electronic
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power applications, is uniquely suited for the task of power conditioning a
thermionic reactor. Because of the importances of the PCU to the viability
of the ITR and of the MOSFET to achieving a very low mass, efficient,
compact PCU, a detailed discussion of the characteristics of MOSFETs is

warranted.

The MOSFET 1is an array of field effect transistors with parallel-connected
source electrodes densely located on a single silicon chip (~1/4" die). It
can handle high-current switching at high frequencies. Typical source
densities of present MOSFET devices are over 10‘5cm'2 of area on the chip and
new devices are under development which will have twice the source density

of present devices.

MOSFET’'s have several distinct characteristics which make them superior to
bipolar transistors at low voltages. Being a field-effect transistor, the
power MOSFET has no junction voltage-drop, only a resistive component or IR
voltage loss during conduction. By contrast, a bipolar transistor, which is
composed of P-N junctions, always has at least a 1/2 volt or more that is
made up of both the junction voltage and the resistive component. If a
large number of MOSFETs are paralleled, the resistive voltage drop can be
reduced to an arbitrarily low value. This means that high efficiencies can
potentially be obtained with large currents in a MOSFET switch by
paralleling devices.

A breakdown of the component masses for several candidate low power PCU
designs is presented in Fig. 6.2.6 for a 10 kWe buck regulator [4]). The 100
kHz MOSFET unit shown in the right side of this figure has a specific mass
of slightly over 0.5 kg per kilowatt. The greatest savings in component
mass is in the small filter components associated with the high-frequency
MOSFET design. The SPI 18V/180V conditioner mass is 0.33 kg/kWe at 400 K
and 94% efficiency. Higher voltage input in similar future systems should
achieve 0.1 to 0.2 kg/kWe.

The MOSFET-based power conditioner bench tests have achieved 94% to 95%

efficiency at 425 K. Some of the losses are generated in the transformers,
which have the potential for operation at 570 K, (i.e. the waste heat would
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be radiated at this temperature). Most of the remainder of the heat 1losses
are generated in the semiconductor switches, which would presently be
radiated at a 1lower temperature of 420 K. Each of these 1losses s
transported out of the power conditioner package by a pumped NaK loop.
Higher temperature operation of these solid state switches leads to reduced

efficiency, but also seems to reduce sensitivity to radiation damage.

The placement of the power conditioning system is governed by a trade-off
between 1isolation from radiation sources and bus bar lengths from the
réactor. In addition, the location of the power conditioner must permit a
view factor to space for the PCU radiator, which is at a temperature lower
than the primary radiator. A thermal radiation barrier would isolate the
power conditioner from the primary radiator. Heat dissipation from the
power conditioning unit would be accomplished by wusing a separate Nak
cooling system to a separate low temperature (400 K to 500 K) radiator.

Additional gamma ray and neutron shielding would be placed immediately above
the power conditioning wunit to protect the semiconductor switches. If
possible, radiation-hard components, such as transformers, bus bars, etc.,

should help to provide shielding for the semiconductors.

Radiation effects on different semiconductor types [S5] are shown in Figs.
6.2.7 and 6.2.8. 1In general, bipolar semiconductors are less sensitive to
gamma radiation and FET devices are less sensitive to neutrons. Siliconix,
Inc., Motorola, and International Rectifier are developing power MOSFET's
for hardened equipment. Radiation resistance of present-day power MOSFET's
Ail typified by the published characteristics of International Rectifier's
HEXFETs, shown in Figs. 6.2.9 and 6.2.10. The main effect of gamma
radiation 1is to introduce charges into the gate oxide which produce a shift
in the gate-to-source threshold voltage vGS(th)' The value of vGS(th) for
N-channel HEXFETs becomes smaller with increasing gamma dose, while the
vGS(th) of P-channel HEXFET's increases with the dose. The change in
threshold voltage 1s essentially independent of the dose rate and depends
only on the total dose.
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The gate-drive circuitry for switching applications can be designed to
nullify the radiation-induced threshold voltage shifts by over-riding them
with appropriate biasing 1levels. Fig. 6.2.9 shows a typical variation of
gate-to-source threshold voltage for 4 HEXFET devices under various biasing

conditions.[6] For bias-off tests = -10V, curve no. 1), the

Ven(eh)
threshold voltage of 1 IRF 150 decreases to a value of approximately -6V at
2 x 10% Rad Si then stays practically constant at this value with further
increase in radiation. An applied voltage to the gate of -10V would ensure

that the device would remain fully "off" even up to 1 megarad of gamma dose.

The effect of neutron radiation is to produce an increase in HEXFET on-
resistance. Fig. 6.2.10 shows typical measured relationships between the
on-resistance and neutron fluence of 2 power MOSFET'’s rated at 100 V and 400
V, respectively.[5]. The on-resistance of the 100 V unit hardly increases
even with a fluence of up to 2 x 10!3 nvt, while about a 30% increase is
observed at 2 x 10!'¢ nvt. By allowing for an increase of the on-resistance
in the design, predictable and reliable operation of the MOSFET power
conditioner In a neutron radiation environment can readily be achieved to
beyond 10!'¢ nvt,

MCNSPS Design Specific Considerations

Low voltage power delivered by a 10 MWe reactor must be stepped up to a
transmission level of about 500 volts DC by the power conditioning system.
To accomplish this, the DC unit must perform multiple functions:

1) Current division from the high-current bus to parallel sub-units;
2) Current interruption and switching;

3) Voltage step-up; and

4) Production of smoothed DC output.
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In the MCNSPS ITR system conceptual design these functions are allocated to

separate component groups:

1) The current division conductors will take off from the lower end of
heat-pipe-cooled, aluminum bus bars. These conductors will be an
integral part of the physical package, and they will divide the primary

current into sub-units.

2) Current switching will be done with power MOSFET’s. The solid state
devices needed for this function have a low tolerance to radiation and
temperature, Consequently, they will be thermally separated from the
main bus bars into a compact water-heat-pipe-cooled unit that can be
efficient1§ shielded from radiation. The temperature of the MOSFET's
will be kept below 420 K.

3) The voltage transformation can be accomplished by components
(inductors, capacitors, transformers, etc.) that are tolerant of higher
temperature and radiation. The transformers may operate at the main

bus bar temperature of 570 K.

4) Rectification and filtering functions would best be accomplished by
means of solid state electronics. High-current diodes in a bridge

rectifier would be used.

5) All power conditioning functions must be accomplished in a paralleling
arrangement that permits independent component failures to occur

without having a major effect on the system performance.

A small fraction (<3%) of the power will be produced in 3-phase AC and used
to power the electromagnetic pump in the primary coolant loop. Pulse width
modulation of the gate drive for the MOSFET switches can be used for load-
following or output power pulsing, 1if desired. However, for steady
operation, a shunt regulator with high-temperature, parasitic 1load is

preferred to keep the reactor power level constant.
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At the 1location for the power conditioning unit in the conceptual design,
additional gamma ray shielding will be needed to protect the semiconductors,
but neutron 1levels should be acceptable. A large part of the additional
gamma flux comes from radioactive coolant circulating in the primary 1loop
coolant ducts and heat exchangers. The bus bars and transformers will be
arranged to provide shielding from gamma rays. A small tungsten or
depleted-uranium gamma-shield will be placed on top of the compact power
conditioning unit to achieve the desired dose rates.

6.2.4 Bug Bar Considerations

The generation of low-voltage, high-current DC by an ITR requires that
careful attention be pald to bus bars for transporting the current from the
reactor to the PCU. While typical reactor output design voltages are in the
range of 10 to 100 volts, voltages near 15 to 20 volts are preferred. For
power levels of 5 to 10 MWe, the low voltage reactor output bus bars become
extremely massive at 20 volts. Therefore, for the MCNSPS conceptual designs
+25 volt yielding a 50 volt reactor output, which will require the
development of the YAG sheath insulators mentioned previously, is assumed.
The bus bars for this system are made of two segments: the upper section
nearest the reactor is constructed of OFHC copper, and the lower portion is

composed of high purity aluminum.

Aluminum i{s not the lightest bus bar material, in terms of electrical
conductivity per unit mass. Metal clad solid sodium bus bars provide
minimum mass, but require cooling to about 350 K. Metal clad pure calcium
bus bars might be lowest mass at practical temperatures of ~400 to 600 K.
However, this complication must be studied before deciding whether to accept
the trade-off for lighter weight versus the advantages of aluminum. As a
system degrades toward end of life, the power loss will be taken in current
rather than in voltage, so that the ohmic heating losses in the bus bar will

not become proportionally larger.
The thermal energy produced by the Joule heating of the bus bars 1is mostly

radiated from the outer surface of the bus bars themselves. A small portion

of energy is also conducted out of the reactor from the hot end of the TFE's
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into the bus bars,' but their temperature quickly drops to an equilibrium
between the Joule heating and the radiation from their outer surface.

For power 1levels of 100 kWe and above, the mass of the bus bars is
substantial, so that the power conditioning system should be 1located near
the reactor. This, in turn, requires a compact power conditioner design, if

suitable radiation shielding is to be provided.

The current delivered by the main bus bars would be divided into modules
within the power conditioning system, as shown in Figure 6.2.5. Each of
these PC modules sees 30 volts DC (some voltage is lost in the primary bus
bars). All of the modules are connected in parallel to the primary bus

bars, so that failure of any one module does not affect the others.

6.2,5 System Radiator

The thermionic power conversion system has two radiators: the primary
radiator, which rejects the waste heat from the thermionic conversion
process; and the power conditioning radiator, which rejects the heat
generated in the power conditioner. Depending on system design
optimization, the primary radiator operates at 950 K or higher. The power
conditioning radiator operates at two separate temperatures. The
transformers in the power conditioners can reject heat at 570 K and still
not exceed the Curie temperature. Present power electronics (e.g.,
MOSFET's) are capable of rejecting heat at no higher than 420 K. Power
electronics capable of efficient operation at >500 K are a critical
development requirement for reducing the size of the PCU waste heat

radiator.

The thermionic system uses the telescoping radiator concept described in
Section 4.3 of Volume II. This radiator is able to fit within the delivery
vehicle envelope and is shieldable. Details of the radiator size, location,
capacity, etc. are described in the specific 5 MWe and 10 MWe conceptual
designs which follow.
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A computerized parametric analysis of the thermionic system was made using
an internally-produced thermionic systems code. Table 6.2.2 displays the
logic flowchart of the incore thermionic system algorithm.

The code output for the optimum 10 MWe thermionic system is shown on Table
6.2.3. Data from this particular output has been summarized in Tables 6.2.4
through 6.2.7, in the areas of reactor parameters, component weights, power

conversion parameters, and the heat rejection system respectively.
Fig. 6.2.11 shows the fully deployed 10 MWe incore thermionic power system.
The 10 MWe system is packagable into the Boeing Shuttle Derived Cargo Launch

Vehicle.

The optimum 5 MWe thermionic design code output is shown on Table 6.2.8.
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IN-CORE THERMIONIC SYSTEM SOLUTION ALGORITHM

INPOT: NET POWER, THERMIONIC CONVERTER PARAMETERS
(EMITTER TEMPERAJORE, CURRENT DENSITY, ETC)
BURNUP, Cs GAP, SYSTEM PARAMETERS

ASSUME REACTOR POWER

CALCULATE FPUEL VOLUME
( INITIALIZE REACTOR VOLUME

!

THERMIONIC PUEL ELEMENT

CALCULATE THERMIONIC DIODE PERFORMANCE
CALCULATE FUEL ELEMENT PERPORMANCE
MATCH FUEL DIAMETER TO HEAT PLUX

T COOLANT | REJECT HEAT

LITHIUM COOLED REACTOR:

THBERMAL~HYDRAULIC

ITERATE L CORE POR L/D
ITERATE ROD GAP FPOR 4P
OUTPOT: COOLANT POWER, GEOMETRY

REACTOR POWER

DOSE LINITS

SHIELD

SOLVE POR PRIMARY NEUTRON AND GAMMA SBI
COMPUTE SHBIELD WINGS
OUTPUT:; GEOMETRY

ﬁLDS

TABLE 6.2.2

4<P

\}
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2

2RIMARY PUMP POWER | UNCONDITIONED POWER

POWER CONDITIOMNER
| CALCULATE NET POWER CONDITIONED

!

| ITERATE REACTOR POWER POR NET POWER

1S LINEAR POWER DENSITY OP
FUEL RODS WITHIN THEIR LIMITS
{  Yes

REACTOR CRITICALITY
ITERATE FOR ENRICHMENT

No
" 1S ENRICHHENT WITHIN :.mm37>
\ .

‘Yes

RADIATOR

SOLVE CONICAL RADIATOR
OUTPUT: GEOMETRY AND HEIGHT

COMPONENT CALCULATIONS

CUTPUT: WEIGHTS AND SIZIES
SELECTED COMPONENT DETAILS

TABLE 6.2.2 (cont’p)
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eewusee HEAT PIPE RADIATOR DETAIL REPORT eeacses

SKIP TUBE MODEL’

Q107 » 6.84E+7 watts & 990 K

GT0Tcalecs 7.12E+7 watts @ 9688.9 K

Total Radiator Weight = 24750 kg Total Radiator Area = 1701 sq
fiverall Radiator Length = 41,72 a with 3 Segaments

Scction length = 1750 cm

Section Details Follow:

10 MWe THERMIONIC SYSTEM CODE OUTPUT

Sect Fluid Sect Na. Tube Lap Radial Temp. Drops Ratio dT Axial
No. Dia. Tubes Dia. Flux Radial Axial Ax/Rd Sect Temp
ca - cm ca W/em2 K K K K
1 K 900 293 4.8 146 64.8 8 12 1.5 20 942.9
2 K 890 85 1€.4 312 63 8 4 25 20 966.9
3 K g5 70 19.3 0 0 8 4 25 20 $86.9
....."..‘..'.................-.....I'.‘.......-‘..........'..
° THERMIONIC INCORE REACTOR .
‘..............I...I............'.............-....'........'.
NET ELECTRICAL POWER = 10 MW =n INPUT
SYSTEM EFFICIENCY = 12.47 4
REACTOR LIFE = S years «s INPUT
URANIUN BURN UP = 6 atoam % »w INPUT
PAYLOAD DIAMETER = 18 m =o INPUT
PAYLOAD SEPARATION = S0 a = INPUT
= THERMIONIC PARAMETERS e
EMITTER TEMPERATURE = 1900 K = INPUT
COLLECTOR TEMPERATURE = 1050 K = INPUT
CESIUH RESERVOIR TEMP, = 577 K
FUEL DIAMETER = 1.18 en
EMITTER DIAMETER = 1.36 em
THERMAL POWER/LENGTH = 202 HW/cm
DIODE CURRENT DENSITY = 15 A/sqcm we INPUT
HORK FUNCTION (PHI 0) = S.1 eV we INPUT
DIODE SPACING = 10 mil . s INPUT
CELL PD - ‘20 atl-torr oo INPUT
DIODE VOLTAGE = 732 volts
DIODE NET POWER DENSITY = 10.6 H/sqcm
IDEAL EFFICIENCY = 18.4 %
CELL EFFICIENCY = 14.6 %
CELL THERMAL INPUT e 494 H
CELL L/D-emit RATIO = 1.8 =s INPUT
CELL LENGTH = 2.45 ca
CELL CURRENT = 113 aaps
CELL VOLY.iGE = .638 volts
CELL POHER OUTPUT = 72.2 H
NUMBER OF CELLS = 60
MAXIMUM ROD VOLTAGE e 38.4 volts )
TFE HOOKUP PARAMETER = .5 we INPUT
o REACTOR PARAMETERS =
REACTOR POWER = 80.16 MK
REQUESTED PRESSURE DROP » 30 psl o= INPUT
REACTOR PRESSURE DROP = 30 psi
TABLE 6.2.3
\— /)

4;\
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NET COOLANT PRESSURE DROP =
COOLANT MASS FLOH RATE =
PRIMARY PUMP POWER =

NUMBER OF PUMPS =

NUMBER OF FUEL RODS =

FUEL ROD DIAHETER =
THAW TUBE DIAMETER =
FUEL ROD GAP o

FUEL FRACTION =

U235 ENRICHMENT =
NEUTRON FLUX =

45 psi
164 kg/sec
.267 MK

1

2682
1.74 ca
.335 cn
.0576 ¢
.281 ulth VOID FRACTION = .117
.576 aton frac. at K-eff 1.29

o= INPUT

.394 at RADIAL EDGE and = .309 at ﬁXIRL EDGE.

e REACTOR DINENSIONS =

CORE L/D =

REACTOR LENGTH =

REACTOR DIAMETER e

CORE LENGTH =

SIDE REFLECTOR THICKNESS e
END REFLECTOR THICKNESS =
FIRST GAMMA SHIELD LAYER =

e REACTOR WEIGHTS e
COOLANT =
THAW TUBES =
CLADDING+CONNECTORS =
TRILAYER =

FUEL =

SIDE REFLECTOR -

END REFLECTOR

PRIHARY TUNGSTEN SHIELD =

ESSEL
TDTAL REACTDR HEIGHT =

o SYSTEM WEIGHTS =
PRIMARY PUMP =
SHIELDING =
HEART EXCHANGER/PIPING =
STRUCTURAL /HISCELLANEQUS =
POWER CONDITIONERA&SHIELD =
LOH VOLTAGE BUS BAR =
POWER COND. RADIATOR =
TRANSHISSION BUS & STR =
MAIN RADIATOR =
TOTAL SYSTEM WEIGHT =

o POWER CONDITIONER

C. EFFICIENCY e
FRﬁCTIGNAL VOLTARGE LOSS =
P. C. SPECIFIC WEIGHT =
TFE OUTPUT VOLTAGE =
P. C. & TRANSHISSION LOSS =
P. C. RADIATOR AREA <
P. C. RADIARTOR EMISSIVITY =
P. C. DIAMETER = .
LOH VOLTACE BUS LENGTH =
TRANSHISSION BUSS VOLTAGE =
TRANS. BUSS VOLTAGE LOSS =

we INPUT

1
%.
=Z s with CORE DIAMETER = .985 &
1

c
2.54 cm

3240 kg vs min FUEL = 3250 kg

604 kg
13850 kg

1420 kg
8730 kg
484 kg
2470 kg
5540 .kg
2500 kg
2040 kg
686 kg
24800 kg
62730 kg

ORIGINAL PAGE IS
OF POOR QUALITY

ws

4 % »e INPUT
Y3 wa INPUT
.3 kg/kHe e INPUT
19.2 volts

1.72 HH

340 sq n

.85 .
1.22 o

2.94 n

500 v «s INPUT
S 4 «s INPUT

INPUT

TABLE 6.2,3 (cont'd)
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ORIGINAL PAGE IS
OF POOR QUALITY
o SHIELDING PARAMETERS e .

HEUTRON FLUENCE LIMIT = 1.E+13 ntrns/sqca o= INPUT

GANMA FLUENCE LIMIT = 5 E+5 Rad-Si we INPUT

NEUTRON SHIELD THICKNESS =  68.9 ca

NEUTRON SHIELD WEIGHT = 1440 kg

CAMMA SHIELD THICKNESS = 9.44 cn

CAMMA SHIELD WEIGHT = 1020 kg

SHADOW SHIELD WEIGHT = 2860 kg with DIAMETER = 2.16 m

SCATIER SHIELD THICKNESS =  53.8 ca _

SCATTER SHIELD WEIGHT = 3330 kg with DIAMETER = 3.29 m

o RADIATOR PARAMETERS o

REJECT HEAT = 68.45 HH at 990 K

RADIATOR EMISSIVITY - .85 s INPUT

RADIATOR AREA -~ 1700 sq &

STARTING DIAMETER = 8.19 a

END DIAMETER = 9 «s INPUT

RADIATOR LENGTH o TR RS

NUMBER OF SEGMENTS = 3

HININUM TEMP FOR SODIUN = 1100 K se INPUT

...'I.I....l.ﬂ....'-.................ID...I...'......'.Q.‘.I...

TABLE 6.2.3 (cont'd)
S )
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ORIGINAL PAGE IS
OF POOR QUALITY

@ wW.
5MWe THERMIONIC SYSTEM CODE OQUTPUT

enannas HEAT PIPE RADIATOR DETAIL REPORY swusecusne
*SKIP TUBE MODEL

Q10T = 3,34E+7 watts & 990 K
QT0Tcalce 3.47E+7 watts @ 988.9 K
Total Radiator Welght = 12010 kg Total Radiator Area = 832.4 sq n
Overall Radiator Length = 41,71 m with 3 Segaents
Section length -.1750 cn
Section Details Follow:

Sect Fluid Sect No. Tube Lap Radial Tesmp. Drops Ratio dT  Axial

No. Dia. Tubes Dia. Flux Radial Axial Ax/Rd Sect Tesp
ca cm ca W/em2 K K K K
1 K 450 146 4.8 146 65.3 - 8 12 1.5 20 942.9
2 K 440 41 16,7 33N 62.2 8 4 25 20 966.9
3 K 407 31 20,2 O (] 8 q 25 20 986.9
....CQ.I.-....'..I.....'...I.I.....C...'.....Q..........-'...-
. THERMIONIC INCORE REACTOR L
'QI.......‘...........'l..........I..QI'.I....".Q......‘...'.
HET ELECTRICAL POKWER = S MW oo INPUT
SYSTEM EFFICIENCY = 12.74 %
REACTOR LIFE = S years ss INPUT
URANIUN BURN UP = : 6 atom % e INPUT
PAYLOAD DIAMETER = 18 m we INPUT
PAYLOAD SEPARATION = S0 o on INPUT
» THERMIONIC PﬁRﬂﬂETERS D)
EMITTER TEMPERATURE = 0 K sw INPUT
COLLECTOR TEHPERATURE = 1050 K »e INPUT
CESIUM RESERVOIR TEMP, = 577 K
FUEL DIAMETER = 1.25 cn
EMITTER DIAMETER = 1.43 ca
THERHAL POHWER/LENGTH = 200 H/cm
DIODE CURRENT DENSITY = 16 A/sqco wo INPUT
HORY. FUNCTION (PHI 0) = S.1 eV we INPUT
DI0DE SPACING = 10 w4l we INPUTY
CELL PD - 20 mil-torr on INPUT
DIODE VOLTAGE = .724 volts
DIODE NET POWER DENSITY = 11.4 H/sqce
IDEAL EFFICIENCY = 18.4 %
CELL EFFICIENCY = 14.8 %
CELL THERMAL INPUT = 401 W
CELL L/D-emit RATID = 1.4 s INPUT
CELL LENGTH = 2.01 cn
CELL CURRENT e 93.1 amps
CELL VOLTAGE = .639 volta
CELL POHER OUTPUT = S9.5 W
NUMBER OF CELLS = 60
HAXIMUM ROD VOLTAGE = 38.3 volts '
TFE HOOKUP PARAMETER = - s INPUT
- REACTDR PARAMETERS =
KEACTOR POKWER 39.24 MW
REOUESTED PRESSURE DROP = 30 psi oo INPUT
REACTOR PRESSURE DROP - 16.3 psi
~ )
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NET COOLANT PRESSURE DROP e
COOLANT HASS FLOW.RATE =
PRIMARY PUMP POHER =

NUNBER OF PUNPS =

NUMBER OF FUEL RODS =

FUEL ROD DIAMETER =
THAW TUBE DIAMETER =
FUEL ROD GAP =

FUEL FRACTION =

U235 ENRICHMENT =
NEUTRON FLUX =

ORIGINAL PAGE IS
OF POOR QUALITY

24.4 psi
79.9 kg/sec
.0984 HH

1

1633 .

1.82 cn
34 cm

.0508 ca
.256 with VOID FRACTION = .,126
7 atom frac. at K-eff = 1.29

e« INPUT

56
.764 at RADIAL EDGE and = .683 at AXIAL EDGE

e REACTOR DIMENSIONS e

CORE L/D =

REACTOR LENGTH =

REACTOR DIAMETER =

CORE LENGTH = _
SIDE REFLECTOR THICKNESS e
END REFLECTOR THICKNESS =
FIRST GAMMA SHIELD LAYER =

* REACTOR WEIGHTS »
CDOLRNT -
THAH TUBES =
CLRDDING'CONNECTORS -
TRILAYER =

FUEL =

SIDE REFLECTOR =

END REFLECTOR =

PRIMARY TUNGSTEN SHIELD =
VESSEL »

TOTAL REACTOR WEIGHT =

o SYSTEM HEIGHTS =
PRIMARY PUNP =
SHIELDING =
HEAT EXCHANGER/PIPING =
STRUCTURAL/HISCELLANEQUS =
POKWER CONDITIONER&ASHIELD =
LOW VOLTAGE BUS BAR =
POWER COND. RADIATOR =
TRANSHISSION BUS & STR =
HAIN KADIATOR =
TOTAL SYSTEM HEIGHT =

e POWER CONDITIONER
P, EFFICIENCY =
FRRCTIONRL VOLTAGE LOSS =
P, C. SPECIFIC WEIGHT =
TFE OUTPUT VOLTAGE =
P. C. & TRANSMISSION LOSS =
P. C. RADIATOR AREA =
P. C. RADIATOR EMISSIVITY =
P. C. DIAMETER =
LON VOLTAGE BUS LENGTH =
TRANSHISSION BUSS VOLTAGE =
TRANS, BUSS VOLTAGE LOSS =

1.5 we INPUT .
1.76 n
1.1l n
1.2 m with CORE DIAMETER = .8 a
14 ca
12 ca
2.54 cm
7 kg
177 kg
2090 kg
1260 kg

1590 kg ve ain FUEL = 1590 kg
1749 kg .

353.7 kg

477 kg

-~ 405 kg

8132 kg

592 kg
2840 kg
252 kg
1190 kg
3050 kg
1030 kg

31090 kg

ws

4 4 se INPUT
2 % ss INPUT f
+3 kg/kHe =e INPUT
19.1 volts .

.82 HW

255 sq

.85 we INPUT
967 »

2.73 n

500 v o« INPUT -
S 4 oe INPUT

o SHIELDING PRRAHETERS

'NEUTRON FLUENCE LIMIT =

GAMMA FLUENCE LIMIT =

1.£+13 ntrns/sqca =« INPUT
5 E+5 Rad-Si oo INPUT

TABLE 6.2.8 (cont‘d)
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T,

NEUTRON SHIELD THICKNESS =
NEUTRON SHIELD WEIGHT =
GANMA SHIELD THICKNESS = 8.59 ca
GAMMA SHIELD WEIGHT = 5
SHADOW SHIELD WEIGHT =
SCATTER SHIELD THICKNESS = 43.5
SCATTER SHIELD WEIGHT =

» RADIATOR PARAMETERS e

REJECT HEAT = 33.43 HK
RADIATOR EMISSIVITY = .85
RADIATOR AREA = 832 sq m
STARTING DIAMETER = 3.67 m
END DIAMETER = 4.5 m
RADIATOR LENGTH = 41,7 o
NUMBER OF SEGHENTS = 3
HMINIMUN TEMP FOR SODIUM = 1100 K

SENBNRENANARRNNNENNNEENANONONOEANEEENNNNNENERANERSENARERANIRENS

TABLE 6.2.8 (cont'd)

cm
424 kg with DIARMETER = 1.3 m

OF POOR QuALTY

with DIAMETER = 1.87 m

at 990 K
»s INPUT

»s INPUT

e« INPUT

ORIGINAL pagr |5
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7.0 SUMMARY OF DSVELDPHENT REQUIREMENTS AND A PRELIMINARY DEVELOPMENT PLAN
7.1 POWER SYSTEM DEVELOPMENT

All of the systems identified in this study, ranging from the most promising
and attractive to the 1least, have significant technology uncertainties.
These wuncertainties must be addressed through a directed, limited scope
technology development and readiness demonstration program, prior to any
large commitment of resources to build and demonstrate a 5 to 10 MWe, 5
year endurance, space qualified system. Most of these technology
requirements have been presented in the component and system discussions of
. the previous sections of this report. In this section the technology
'development requirements are summarized and grouped according to the areas
common to, and specific to, the two most promising system concepts--the
potassium Rankine and the 1incore thermionic. The technology development
requirement areas assoclated with the two backup concepts--Brayton and

Stirling are also presented.

All of the systems are complex and involve technologies which are just
emerging or for which the feasibility of some of the key components and/or
materials still remains to be demonstrated. Based on the experience of the
earlier space reactor program and recognizing the length of time required to
plan, implement, demonstration test, iterate, and ground test any space
nuclear power system, SPI recommends that an orderly approach to the
development of an MCNSPS should include a 5 year technology readiness
program prior to committing to a specific power system concept. During this
5 year period, the orimary goals would be to:

o Resolve all critical technological issues which could impact concept

feasibility or seriously compromise system performance or safety;

o Develop and refine mission power profile requirements and the probable

launch vehicle constraints;
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o Establish the governmental and corporate infrastructures and working
relationshipé which will be necessary to fund, direct, evaluate and
manage the development of the technologies, components, materials

supply, and the scientific, engineering, and testing capabilities

required;

o Pursue and/or support a technologically related, but smaller and less
complex space nuclear power system program which has the potential for
leading to an early flight demonstration. Such a program would not only
assist in the establishment of an industrial infrastructure for the
fabrication, qualification, and operation of space nuclear systems, but

would also build confidence in, and acceptance for, the nuclear power

option.

] Establish a clear definition of the system(s) which will best meet the
anticipated applications’ requirements and have the greatest

flexibility to accommodate new constraints or performance needs.

o Establish program planning and funding intention for the concept-
specific development of the MCNSPS, a project which can reasonably be
anticipated to require 10 years or more for development to flight

prototype.

The following critical technologies, common to several of the possible
MCNSPS concepts and specifically to both the potassium Rankine and in-core
thermionic systems, should be pursued during the initial 5 year technology

readiness period:

o The development of uranium nitride and oxide nuclear fuels capable of
achieving high burnup at high surface temperature with low cladding
distortion;

o The general development of refractory metals for high temperature,

alkall metal environments;

o The general development of ceramics and high temperature insulators;

(-8\
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o The development 6f control drums, bearings and associated hardware
capable of high temperature (900 to 1000 K) operation;

o The demonstration of an acceptable method for starting up reactors

containing frozen alkali metal coolants;

o The development of processes for fabricating borated zirconium hydride
and lithium hydride in custom shapes for shields;

o The development of the enabling technologies for high temperature
molybdenum, large (15 cm) and long (18 meters) cylindrical potassium
heat pipes, capable of waste heat loads of up to 1 MWt at 1050 K;

o The demonstration of telescoping heat pipe radiators, addressing in

particular the startup and control aspects;

o The development of high temperature (500 K) and high voltage (1000

volts) power transmission and electronics capabilities.
As funding allows or concept selection requirements dictate, the following
additional critical technologies for the potassium Rankine and thermionic

systems need to be pursued as early as possible:

Potassium Rankine

o The development of refractory metals capable of containing alkali
metals at 1500 to 1600 K with a low creep behavior at pressures of 200
to 300 psia;

o The development, including startup and control, of a once through

alkali metal boliler;

] The development, including startup and control, of an alkall metal

turbine;
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o The development of large (3500 to 4000 gpm), long life hot alkali metal

electromagnefic pumps;

o A critical assessment and selection between the boiling potassium
reactor and the two loop approach, and the associated technologies of
the approach selected (jet pumps, zero g bolling, vapor separation, hot

control drums, etc.);
o The definition and evaluation of system startup and control;

o The development of an alternator ceramic bore seal which is impervious

to alkali metal vapor attack.
Thermionic

o Testing of thoria coated uranium dioxide pellets to 6 to 8% burnup, at

representative emitter temperatures (1850 to 1950 K);

o Testing of low creep, high strength emitter materials, such as W-4Re-
0.5HfC and silicon carbide fibre reinforced CVD tungsten, at emitter
temperatures (1850 to 1950 K);

o Demonstration of the performance and endurance of small diameter (1
cm), vented, series coupled nuclear fueled thermionic cells and series

connected TFE's,

o Development of relatively high voltage (30 to 50 volts) sheath
insulators capable of high fast neutron fluences (>1022nvt) at 1100 K;

o Development and demonstration of satisfactory control for large (80 to

100 cm diameter) cores;

o Development of a compact power conditioner for transforming the high
current, low voltage TFE output to load requirements. The solid state
devices should be capable of 400 to 500 K operation and the

transformers and bus bars of 570 to 650 K;
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Following the 5 year technology readiness phase, during which mission power
and duration requirements are more clearly defined and launch vehicle type
and availability is determined (ie STS versus advanced shuttle derived cargo
boosters), the MCNSPS program would initiate a 5 year system development
phase, the key elements of which include: the continuation and completion of
the readiness phase activities; further refinement and demonstration of key
components for the system (or systems) most appropriate to the specified or
projected mission requirements; defining, designing, and constructing the
necessary test facilities, including those for ground test operation and
flight prototype qualification testing; and designing and fabricating the
ground test and flight prototype systems.

During the next 5 year period, the primary program components would be:
system Integration with environmental and performance testing and
operation; modification and refinement of the prototype systems; and
preparation for the launch of the flight prototype.

The schedule and key milestones for this four phase program are summarized
in Fig 7.1. The projected costs for the 5 year technology phase comprised of
the common activities, those specific to the potassium Rankine cycle, and
those specific to the thermionic concept are presented in Figs 7.2, 7.3, and
7.4, respectively. The cumulative projected costs (in constant 1984 §) are
approximately $110M, $175M, and $120M, respectively. The lower cost of the
activities specific to the thermionic system reflects both a more advanced
state of development for that system and the fact that fuel element behavior
and power conversion system performance can be proof-tested simultaneously
with relatively low cost TFEs, rather than requiring full-scale system

components.

Finally, if launching of a complete 10 MWe power system in a sfngle shuttle
launch vehicle becomes a governing criterion for the commitment to MCNSPS,
then the development program must be changed to establish the technologies
appropriate to that requirement. The only concepts with potential for
meeting this requirement are the boiling sodium cooled reactor with sodium
Rankine power conversion, operating 1in the 1800 K or higher temperature

range, or an advanced thermionic reactor system which operates with emitter
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temperatures upwards: of 2100 K, and which has advanced emitter surfaces
(both for emissioh characteristics and for high temperature, 1long duration
strength) and higher temperature, higher voltage capability sheath
insulators. These are the only two systems with any possible potential for
fulfilling a single shuttle launch requirement, and there 1is little
likelyhood that either could be developed to achieve more than one year of

full power endurance.

The realization of either of these advanced concepts would represent a
significant departure from present or near-term projected state-of-the-art,
and their development program schedule and costs would reflect this longer
and more expensive program developments. Because these systems do represent
such a large departure from present technologies, commitment to their
development would be a high risk, expensive undertaking. A more rational
approach is to proceed to these advanced systems through the evolutionary
process of starting with a system concept at lower power and endurance
requirements, which may not have optimized performance or minimum launch

requirements, but which does have a high probability for realization.

If a truely comprehensive MCNSPS program is pursued, backup technologies to
the potassium Rankine and thermionic concepts may be desired. The two
concepts recommended as backup are the gas cooled reactor coupled with a
Brayton gas turbine and the Stirling engine system coupled with the lithium
cooled, uranium nitride reactor. The critical feasibility issues for each

of these approaches are:

e v s b
o Stability of fuel elements operating with 2000 K cladding temperature.
o Consequences of refractory metals off-gassing impurities into the
working fluid (He-Xe) transport system.
High Pressure (1000 psia), 1800 K gas double wall containment.
o 1800 K high speed ceramic turbine development
o Resolution of large radiator requirement below feasible heat pipe
transport temperatures. Requires multiple shuttle loads of radiator
per 10 MWe generating plant.
] Assembly of radiator and welding of piping in space.
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o d 1) o) Engine
System

° Helium containment in no creep cylinder operating at 1000 to 6000 psia
and 1400 to 1500 K.

o High frequency, low mass piston-alternators operating at 240 to 400 Hz.

o Protection of ceramic cylinder from hot lithium while accomplishing
high heat transfer rate through cylinder.

o Development of a lithium pump capable of operation at 1500 K.
Design and assembly of compact radiator and welding of piping in space.

In the following section, the key activities adjunct to the development of
the power system are identified.

7.2 ADJUNCT ACTIVITIES

ssion Conceptu d

Applications Engineering

Studies are required to ascertain system requirements and performance
specifications. These studies include determination of power levels, duty
cycles (i.e. pulse heights and durations), voltages, frequencies, total
endurance, dormancy status, system maintenance, and shielding, safety,
survivability and reliability requirements. The studies must also determine
the development, production, operating lifecycle and ultimate disposal costs
and relate these to anticipated benefits of application. The studies would

be expected to include applications such as:

o Space based radar - all weather continuous
. Sea Surveilance and traffic control
. Air traffic surveilance and control
. Military ground traffic movement
. Strateglic surveilance and early warning
. Bi-Static tactical air combat fire control
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o Compunications

. GEO-World wide personal mobile communications

. GEO-Commercial high data rate communication

. GEO-Commercial TV broadcast to mobile antenna

. Laser to submarine high data rate communication

. Strategic BMCS

o DEW-KEW capabilities with energy storage
. ASAT & DESAT
. Mid-course ballistic missile intercept

o c ulsio
. Low Isp: 100 to 2000 seconds
1. LEO rendezvous and assembly orbit to operational orbit and GEO
transfers.
2. Tactical change of orbit for strategic assets.
3. LUNAR Transfers.
. High Isp: 10,000 to 20,000 seconds
1. Interplanetary travel.
2. LEO station keeping.

Payload Integration Design Studies

These studies are based upon applications requirements and must be conducted
in order to validate application potential, to ascertain development
requirements, and to determine potential performance adequacy and costs.
These design studies will also serve to identify commonality of components
to maximize applicability of development. The studies must be updated as
technology development progresses and should evolve into preliminary

designs, detailed development plans and project implementation.
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Large boosters may be a necessary component for the application of long
endurance 10 MWe space power systems, Booster requirements specification
must awalit the results of further applications studies and national
commitment. This study indicates that application of 10 MWe space power
systems would be enhanced with the availability of greater diameter (9
meters), 100,000 to 200,000 kg launch to LEO (Saturn V) class boosters.
Such boosters could launch 10 MWe power systems, fully integrated with their
payloads, to operational orbits or at least to 350 to 400 km for safe
deployuent and 1initiation of nuclear electric propulsion (NEP) transfer to
higher altitudes and/or inclination operational orbits.

2. The STS Shuttle

The STS Shuttle is capable of transporting 3 to 5 MWe 1long 1life, fully
assembled power systems to LEO for radiator deployment, and for power system
rendezvous with the payload and spacecraft. The shuttle could also carry a
10 MWe system to LEO in 2 trips. The radiator would be a load separate from
the power system. Power conditioning and bus bars would go up with part of
the payload or space craft. The assembly 1in LEO would be minimal but
possibly difficult, because very large masses must be fitted together. Use
of the telescoping radiator facilitates this assembly process, since the
radiator actually slips over the entire power unit and no welding or pipe
joining 1s required. The system assembly will probably require manned
supervision, however. The assembly must take place in a man-safe orbit of
low 1inclination and below about 400 km. The system should be deployed,
checked out, operated, tested and flown by NEP to the operating orbit in the
deployed configuration.
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1.2.3 Miscdellaneous Observations

Spacecraft electronic payloads with 5 to 10 MWe requirements will have
radiators exceeding the power plant radiators in size.

A newv approach to electronic and payload design 1is required.
Temperature and radiation sensitive components must be compacted for
shielding and thermally isolated from components capable of high
temperature and exposure.

Payloads must be capable of environmental temperatures from 400 to 500
K or more.

Transfer to operational orbits, repositioning and attack avoidance
require up to 0.5g maneuverability in the deployed configuration.
Nuclear electric propulsion (Isp = 1000 to 2000 sec) appears to be an
attractive adjunct development to MCNSPS.

The large size and cost of MCNSPS class spacecraft, the mission
importance and the high payload temperatures will dictate both planned
and unplanned maintenance.

High altitudes and high inclinations of likely MCNSPS spacecraft orbits
will present increased natural radiation environments.

Increased payload operating temperatures and radiation levels will
place unprecedented emphasis upon teleoperator robotics for operation
and maintenance of the spacecraft, with manned presence 1likely being
limited to brief visitations.
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